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The three-dimensional (surface and altitude) skyshine neutron-dose-equivalent distribution around
the 1-GeV electron synchrotron (ES) of the Institute for Nuclear Study, University of Tokyo, was
measured with a high-sensitivity dose-equivalent counter. The neutron spectrum in the environment
was also measured with a multimoderator spectrometer incorporating a 3He counter. The dose-
equivalent distribution and the leakage neutron spectrum at the surface of the ES building were
measured with a Studsvik 2202D counter and the multimoderator spectrometer, including an indium
activation detector.
Skyshine neutron transport calculations, beginning with the photoneutron spectrum and yielding the
dose-equivalent distribution in the environment, were performed with the DOT3.5 code and two
Monte Carlo codes, MMCR-2 and MMCR-3, using the DLC-87/HILO group cross sections. The
calculated neutron spectra at the top surface of the concrete ceiling and at a point 111 m from the ES
agreed well with the measured results, and the calculated three-dimensional dose-equivalent
distribution also agreed. The dose value increased linearly with altitude, and the slope was estimated
for neutron-producing facilities.
1. INTRODUCTION
In recent years, accelerators have found wide application in medicine and
industry. In particular, high-energy electron accelerators and storage rings have
gained remarkable attention with regard to applications of synchrotron radiation,
such as in lithography. For these applications, high-energy accelerators are
sometimes situated in populated areas. This increases the importance of the
evaluation of environmental radiation around the accelerator facility due to the
skyshine effect.
A number of papers have been published on neutron skyshine from reactors
and accelerators. Among them, few1,2 give the absolute leakage neutron energy
spectrum and angular distribution from such facilities (Le., the skyshine source)
and then evaluate the long-distance propagation of neutrons at the air-over-
ground interface with good accuracy. Moreover, all published papers deal with
the skyshine neutron dose distribution only on the air-over-ground interface.
Accelerators installed in densely populated areas are likely to have tall buildings
and apartment houses near their site boundaries. In this case, it is essential to
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evaluate the altitudinal dose distribution in the air, in addition to the ground-level
dose distribution around the accelerator facilities.
In this study, we extend our published results3,4 of the ground-level dose
distribution around an electron synchrotron (ES) to include measurements of the
altitudinal dose distribution obtained by lifting the neutron detectors with a
crane. The measured results were also simulated by the discrete ordinates code
DOT3.5, and the multigroup Monte Carlo code MMCR. Simple analytical
formulas to estimate the altitudinal neutron dose distribution were then derived.
We believe this to be the first paper dealing with the three-dimensional-surface
and altitude-distribution of skyshine neutron dose equivalents.
2. ELECTRON SYNCHROTRON
Figure 1 shows a plan view of the ES and its surrounding shield at the Institute
for Nuclear Study (INS) of the University of Tokyo. The figure also includes the
neutron dose distribution on the surface of the upper concrete shield, in solid
circles, which will be discussed later. The electrons accelerated to 15 MeV by a
linear accelerator at the north side are injected into the ll-m-diameter syn-
chrotron, to be accelerated to the maximal energy of 1.3 GeV. The accelerated














FIGURE 1 Plan view of the INS electron synchrotron (ES) and its shielding wall. The
neutron-dose-equivalent distribution at the outer surface of the upper concrete shield (not shown in
this figure) is shown in solid circles.
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FIGURE 2 The true and calculational geometry of the Es and its surrounding environment. In these
r-z diagrams, each figure is understood as rotated about the z-axis. (A) True geometry of the ES, (B)
geometry of DOTI.5 calculation of step (1a), (C) geometry of MMCR-2 calculation of step (1b), and
(D) geometry of MMCR-3 calculation of step (2b). The energy and angular source flux were emitted
within the angular limits shown in (C) and (D).
experimental beam lines. A cross-sectional view of the gross structure of the
synchrotron building is shown in Fig. 2A. The accelerating tube is situated 1.2 m
above the ground, within the central gap of the iron yoke magnet shown with
dotted shading. The circulating electrons may lose part of their energy at a
scraper at the beam orbit and impinge on the iron yoke by magnetic deflection
toward the inside. At that point, they generate a great amount of bremsstrahlung
through the electron-photon cascade process and, subsequently, photoneutrons
through photonuclear reactions. This model predicts that the inside of the iron
yoke around the beam loss point is the main source of the neutron skyshine.
The outside of the tube is further shielded with lead and paraffin blocks, (not
shown in Fig. 2A). As shown in Fig. 2A, the whole synchrotron ring is fully
surrounded by a I-m-thick concrete side wall and a O.75-m-thick (O.5-m-thick in
some places) concrete ceiling 3.2 m above the ground. Figure 3 shows the INS site
where the ES is centered, together with the measurement points of the
160 Y. UWAMINO AND T. NAKAMURA
FIGURE 3 The site of the Institute for Nuclear Study and the measurement points on the ground,
plotted as solid circles, and the points above the ground, shown as solid squares. The concentric
circles indicate the distance from the ring center of the ES.
environmental neutron dose distribution. The concentric circles in the figure
indicate the distance from the ring center of the ES. An additional, outer
concrete shield wall of 1.4 m to 2 m in thickness and about 4 m in height, shown
with solid bold lines in the figure, can be seen outside the ES building shown in
Fig. 1. Finally, the synchrotron is entirely enclosed by a 2.4- to 3-m concrete wall
and a 0.75-m concrete ceiling.
There are several buildings on the INS site, as well as apartment houses in the
area north of the INS site boundary; flat farmland borders the site on the south
and west sides.
3. MEASUREMENT
The measurements were performed when electrons were being accelerated to
1 GeV; the beam intensity was 5.1 x 1010 electrons/pulse, (i.e., 70 rnA) and the
acceleration was repeated 21.5 times per second. Electrons were not extracted to
the storage ring or to the beam lines. The neutron dose distribution on the upper
surface of the concrete ceiling of the ES, which becomes the skyshine source
leaking into the atmosphere, was measured with a Studsvik 2202D neutron-dose-
equivalent counter. The measured results are shown in Fig. 1 as solid circles,
whose sizes correspond to the neutron-dose-equivalent rate. At one point,
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indicated by a solid square, where the highest dose-equivalent rate was observed,
the neutron energy spectrum was measured with a multimoderator spectrometer
that incorporates an indium activation detector.S This was regarded as a
representative leakage neutron spectrum from the concrete ceiling. The neutron
dose distribution on the outer surface of the side wall was also measured with the
Studsvik 2202D counter.
The neutron dose distribution in the environment around the ES building was
measured with a high-sensitivity neutron-dose-equivalent counter designed and
fabricated at INS.6 Measurements were taken at various points around the ring,
at distances up to 523 m from the ring center, in order to see the directional
dependence and influence of buildings. The surface dose distribution was
measured 1 m above the ground at points drawn as solid circles in Fig. 3 (Nos.
1-14), and the variation of the dose-equivalent rate with height from the ground
was measured at points drawn as solid squares (Nos. H1-H5) by lifting the
counter with a crane. Moreover, the neutron energy spectrum was measured at
point No.6, drawn as a double circle, using a multimoderator spectrometer
incorporating a 3He counter.s Because of the fluctuation of the beam current, the
measured results were normalized to the counting rates of the continuous reading
of two environmental neutron area monitors fixed at points No.6 and 14 in Fig.
3. The long-term counting rates were connected to the average electron beam
current of the synchrotron.
The high-sensitivity neutron-dose-equivalent counter and the two multi-
moderator neutron spectrometers, all developed by us, were used in these
skyshine neutron measurements. The dose-equivalent counter consists of a
12.7-cm-diameter, 5-atm spherical 3He counter surrounded by a polyethylene
moderator with an internal boron absorber. The high-sensitivity neutron spectro-
meter uses a 5. I-em-diameter, 10-atm spherical 3He counter and has five
polyethylene moderators 8.4 to 45.2 em in diameter. The y-insensitive neutron
spectrometer uses an indium activation detector and has four polyethylene
moderators 4.06 to 19.6 em in diameter, which are covered with 1-mm-thick
cadmium sheets. This spectrometer is particularly suitable for neutron measure-
ments in the pressure of a pulsed source of intense y ray and neutron radiation.
The response functionss,6 of these neutron detectors are given in Fig. 4. The
response function of the high-sensitivity dose-equivalent counter was obtained
from experimental values for thermal and 50-keV to 15-MeV monoenergetic
neutrons in the national neutron standard field at the Electrotechnical Labora-
tory. The measured points were fitted by a smooth curve derived from the
approximate ANISN calculation, in which the actual heterogeneous absorber was
taken to be homogeneous. The response function of the Studsvik 2202D was
obtained from the manufacturer. The conversion factors from counts to dose-
equivalent values are 1.1 x 10-11 and 7.7 x 10-10 (Sv count-I) for the high-
sensitivity counter and the Studsvik 2202D counter, respectively.
The response functions of the two types of multimoderator spectrometers are
given by ANISN adjoint calculations. The calculated results were checked by
experimental results in the national neutron standard field. The differences
between experiment and calculation are -7% to +25% for the indium-loaded


































FIGURE 4 The response functions of the neutron detectors: (A) The INS high-sensitivity
dose-equivalent counter and the Studsvik 2202D counter, (B) the multimoderator spectrometer
including a 3He counter, and (C) the multimoderator spectrometer including an indium activation
detector.
spectrometer and -5% to +28% for the 3He-counter-Ioaded spectrometer. The
reaction rates measured by these spectrometers were converted to the neutron
energy spectra by the SAND-II7 unfolding code, with the aid of initial guesses of
the calculated spectra, which are described below.
4. CALCULATION
This skyshine experiment was simulated by two different procedures. The first
procedure was divided into two steps: (la) a transport calculation from the
photoneutron source to the outer surface of the concrete shield, using the
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two-dimensional discrete ordinates code DOT3.58 (Fig. 2B), and (lb) a skyshine
calculation of neutrons leaking from the upper concrete shield, using the
multigroup albedo Monte Carlo code MMCR-29 (Fig. 2C). This calculation was
insufficient to get the altitude neutron dose distribution in the atmosphere with
good accuracy, since the upward polar angular intervals were limited to only
eight, because the DOT3.5 calculation used S16 angular quadrature.
Another procedure was performed to improve the accuracy of the angular
distribution, as follows: (2a) a DOT3.5 calculation from the source to the surface
of the magnet yoke, and (2b) a transport calculation from the yoke surface
through the concrete shield to the atmosphere, using a revised Monte Carlo code,
MMCR-3 (Fig. 2D).
To save computing time in the transport calculation through concrete, step
(la), the actual geometrical configuration of Fig. 2A was approximated as an r-z
cylinder having a reflective boundary at the plane z =0, as shown in Fig. 2B.
The neutrons were generated by photonuclear reactions of bremsstrahlung
induced by I-GeV electrons impinging onto the iron yoke. The energy spectrum
of the photoneutrons, which could not be obtained experimentally, was estimated
as follows. The neutrons are generated by three processes: the giant-resonance
reaction, the quasi-deuteron effect, and photopion production. 10 The resultant
neutron spectrum consists roughly of two distinct components: the low-energy
evaporation spectrum and the high-energy direct-emission spectrum. For the
high-energy neutron components, Gabriel et al. 10 give an analytical repre-
sentation of the photoneutron energy spectrum resulting from electron incidence
at 50 to 400 MeV on an infinite copper target. According to this representation,
the shapes of the energy spectra are found to be similar to each other for incident
electron energies higher than 200 MeV. Therefore, we approximated the neutron
spectrum (15 MeV < En < 400 MeV) from the iron yoke for I-GeV electrons by
the spectrum from a copper target for 400-MeV electrons.1o The low-energy
evaporation spectrum (0 < En < 15 MeV) is adequately described by the Max-
wellian distribution as
(1)
where the nuclear temperature T was fixed to be 2.08 MeV, according to Kosako
et al. 11 The whole neutron energy spectrum could be estimated by smoothly
connecting the high- and low-energy components. The source neutron spectrum
from the iron yoke thus obtained is shown as a dotted line with arbitrary
normalization in Fig. 5.
The cross sections of iron, air, and concrete used in this calculation were
obtained from the DLC-87/HILOI2 data library. This library consists of 66
neutron and 21 photon energy group constants up to 400 MeV in a P5 Legendre
expansion. The composition of air, iron, and concrete is shown in Table I.
The MMCR-2 code is a multigroup Monte Carlo code which can treat neutron
and photon transport in a cylindrically uniform medium with an albedo surface
at the bottom of the cylinder. The flux estimation can be done either by point
detector estimation or by next-event surface-crossing estimation.

































FIGURE 5 The source photoneutron spectrum and the measured and calculated neutron spectra at
the outer surface of the concrete ceiling.
The leakage neutron angular flux from the upper concrete shield, which had
been calculated by the DOT3.5 code, was integrated over the whole ceiling
surface, and it was placed at the surface center of the ceiling, shown as a solid
circle in Fig. 2C, as an anisotropic 2Jr neutron source for the MMCR-2
calculation. The neutron leakage through the side wall of the ES was neglected,
since it was further shielded by the additional outer shield of the synchrotron
building.
The MMCR-2 skyshine calculation was performed in a 2-km-high, 2-km-radius
air cylinder over the ground. The reflection by the ground was calculated by using
TABLE I
Atomic Densities of Air, Iron, Ordinary Concrete, and Soil, in atoms cm-3
Element Air1 Iron Ordinary concrete Soil
Hydrogen 4.84 x 1017 5.95 X 1021 6.02 X 1021
Nitrogen 4.01 X 1019
Oxygen 1.03 x 1019 4.46 X 1022 3.73 X 1022
Sodium 1.52 x 1020
Magnesium 5.26 x 1020
Aluminum 1.17 x 1021
Silicon 1.83 x 1022 1.72 X 1022
Sulfur 3.98 x 1019
Potassium 2.35 x 1019
Calcium 1.50 x 1021
Iron 7.70 X 1022 7.38 X 1020
Density (g cm-3) 1.22 x 10-3 7.14 2.3 1.8
1 At 16.6°C, 1 atm, 50% humidity.
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the albedo data for soil,t3 whose composition is shown in Table I. The neutron
flux distribution at the air-ground interface was obtained by using the next-event
surface-crossing estimator and was converted to the dose-equivalent distribution
by convolution with the flux-to-dose conversion factors given in ICRP-21. 14
In the first step of the altitudinal neutron dose distribution calculation, step
(2a) , the transport of the source neutrons through the iron yoke magnet was
calculated by the DOT3.5 code, with the same cross sections and the same source
spectrum as in step (la). The neutrons leaking from the magnet were gathered at
a point situated at the ring center, 1.2 m above the ground, while their angular
distribution was conserved. The gathered neutrons were then assumed to be a
source term for the succeeding skyshine calculation of step (2b) (Fig. 2D). As in
the previous calculation step (lb), the source-neutron flux directed to the side
concrete shield was set to zero, because the neutrons leaking from the side wall
were well-shielded by the additional outside shield. The effective source was
therefore an anisotropic point source, 1.2 m above the ground at ring center and
collimated to 1.64.rr steradians [half-angle of 79.5 degrees (Fig. 2D)]. The
skyshine calculation was performed by the MMCR-3 Monte Carlo code, which
was revised from the MMCR-2 code for the treatment of radiation transport in
three kinds of cylindrical media. This revised code can treat neutron transport
through the concrete building and air at one time. The MMCR-3 calculation was
performed in the same 2-km-high, 2-km-radius air cylinder as in the MMCR-2
calculation, including the cylindrical concrete building, which had a 1-m-thick side
shield with an inside radius and a 75-cm-thick roof shield 3.75 m high. The
neutron flux distributions at the air-ground interface, and at 10, 20, and 40 m
above the ground were also obtained by using the next-event surface-crossing
estimator.
5. RESULTS AND DISCUSSION
5.1. Neutron-Dose-Equivalent Distribution on the Ceiling and Side Wall
Figure 1 shows the neutron-dose-equivalent distribution on the upper concrete
shield of the ES, measured with the Studsvik 2202D counter. The figure shows
very large fluctuations of the dose-equivalent rates-from several J,tSvIh to
800 J,tSvIh. The area of significantly higher dose-equivalent rates corresponds to
the region where the thickness of the upper concrete shield is only 50 cm, thinner
than the main parts (75 em) of the concrete ceiling.
It was impossible to determine the total amount of neutrons leaking from the
whole surface of the upper concrete shield-that is, the absolute value of the
skyshine neutron source-owing to the very complicated neutron dose distribu-
tion. Consequently, the comparison between experiment and calculation was
performed with relative values. The averaged value of the measured dose-
equivalent rates at these 81 points was 86 J,tSvIh. The neutron dose distribution
on the 1-m-thick side wall of the ES, measured with the Studsvik 2202D, also
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varies from a few J-lSV/h to 500 J-lSV/h. But these neutrons were not included in
the skyshine neutron source, since they were further shielded by the outer shield,
as described above.
Figure 5 shows the measured neutron energy spectrum, as a bold solid line,
measured at the point of the upper shield marked in Fig. 1 by a solid square. The
broken line of Fig. 5, shows the neutron spectrum on the upper shield just above
the magnet yoke, obtained by the DOT3.5 calculation of step (la), normalized to
the measured result, such that the integrated neutron fluxes are equal. The figure
also shows, in arbitrary units, the photoneutron source spectrum produced in the
iron yoke by I-GeV electron incidence. In contrast to the source spectrum, the
neutrons on the outer surface of the upper shield have a 1/E degradation
spectrum. The calculated spectrum shows good agreement with the measured
spectrum as a whole, although the calculated spectrum overestimates the
radiation by 20% to 60%, relative to the measured spectrum in the MeV region,
and overestimates it by a factor of three in the thermal group. This latter large
discrepancy in the thermal group might come from the minor 'or trace constituents
of the actual concrete, which were neglected in the calculation. These minor
constituents sometimes strongly affect the thermal neutron flux owing to their
large capture cross sections. This big difference, however, has no significant
influence on the skyshine neutron dose, because the thermal neutron dose
accounts for only a very small fraction of total neutron dose.
This agreement between experimental and calculated neutron spectra after
penetrating the concrete shield suggests that the estimated photoneutron source
spectrum is accurate enough for a skyshine simulation.
5.2. Neutron Dose Distribution at Ground Level
Figure 6 shows the neutron dose distribution measured at ground level around the
ES, together with the statistical experimental errors. The abscissa is the distance
r, in meters, from the ring center of the ES, and the ordinate is the
neutron-dose-equivalent rate multiplied by r2 , i.e., r2H(r), in (m2 • ,uSv/h). The
solid circles are the results measured with the high-sensitivity dose-equivalent
counter at the points 1 m above the ground, and the open circles are those
measured at the points 4.3 to 20 m above the ground. The neutron background
radiation from cosmic rays was measured when the ES was stopped, and the
contribution of the background was subtracted from measured values. The
measured dose-equivalent values clearly increase with altitude, as we shall discuss
later.
The solid square shows the dose-equivalent value H, obtained by the following
equation:
H =I<I>(E)K(E) dE (2)
where <I>(E) is the neutron spectrum measured with the 3He-Ioaded multi-
moderator spectrometer (Fig. 7), and K(E) is the ftux-to-dose-equivalent
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FIGURE 6 The measured and calculated neutron-dose-equivalent distributions at ground level.
conversion factor given by ICRP-21. 14 The dose-equivalent rate measured with
the dose-equivalent counter at the same point, No. 6 in Fig. 3, gives a 29%
smaller value than that obtained with the spectrometer. This comes from the
underestimation of the contribution of high-energy skyshine neutrons, because
the response function of the dose-equivalent counter becomes considerably lower

















FIGURE 7 The measured and calculated neutron spectra at a point 111 m from the ES ring center.
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The measured results are compared in Fig. 6 with the results calculated by the
MMCR-2 code, which are drawn as open squares, and the MMCR-3 code, shown
as a bold solid line, with vertical bars to indicate the estimated error. Since the
absolute value of the skyshine neutron source could not be obtained, the
calculated results are normalized to the dose-equivalent rates measured with the
dose-equivalent counter at the point 111 m away from the ES center (No.6 in Fig.
3). The two calculated results show good agreement with each other, although the
MMCR-3 results indicate larger statistical fluctuation than the MMCR-2 results,
since the calculation of deep neutron penetration in concrete was included in the
skyshine calculation of the MMCR-3 code.
Calculated results show good agreement with measured results at 1 m above the
ground in several directions around the ES. At two points, 423 and 523 m away
from the ES center, however, the measured data give about 50% to 60% higher
values than do the calculated results. This discrepancy might be attributed to the
larger statistical errors coming from the lower counting rates and to the
contribution of direct neutrons leaking through the side concrete shield which was
not evaluated in the calculation. The shield outside the ES building does not fully
cover the ES, as shown in Fig. 3.
Nakamura and Kosak09 gave a simple analytical formula to estimate the
skyshine neutron dose distribution at ground level for a monoenergetic neutron
source, based on the MMCR-2 calculation:
(3)(r>80m),H(r) = QD exp (-~)
r AD
where r is the distance from the source and the two parameters QD and AD are
functions of the source neutron energy E and emission angle 8. The QD and AD
values for neutrons of thermal energy up to 400 MeV are given by Hayashi and
Nakamura. 13 By using the energy and angular neutron spectrum leaking through
the upper concrete shield, S(E, 8), the neutron-dose-equivalent distribution in
the field can be obtained as
(4)
The results thus obtained are shown as a broken line in Fig. 6 and are in good
agreement with the MMCR-2 and MMCR-3 results beyond about 150 m. Beyond
200 m, all calculated results show the exponential attenuation of the neutron dose
equivalent, if it is multiplied by the square of distance.
Stevenson and Thomas15 also recommended another simple analytical formula,
(5)QD (r)H(r) =7 exp - A.D '
based on the two-dimensional discrete ordinates calculation with the DOT3.5
code by Alsmiller et al. 16 Our calculated results are also well-fitted to Eq. (5)
beyond 200 m, as shown in Fig. 6. From the slope of the exponential attenuation
curve, the AD value in Eq. (5) was determined to be 429 m. Stevenson and Thomas
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give the effective attenuation length of the air, AD in Eq. (5), for proton accelerators,
as a function of the upper neutron energy under an assumption that the skyshine
source neutron spectrum has the form lIE up to a neutron energy equal to the
proton energy. From their results, the proton energy was calculated to be
160 MeV, corresponding to AD = 429 m. The value of 160 MeV is seen to be
reasonable by comparison with the skyshine source neutron spectrum shown as a
bold line in Fig. 5.
Figure 7 shows the neutron energy spectrum at the Ill-m point (No.6 in Fig.
3). The bold line expresses the data measured by the 3He-Ioaded multimoderator
spectrometer, and the dotted line was calculated by the MMCR-2 code. The
calculated result was normalized to the measured result, such that the integrated
fluxes are equal. The measured spectrum is much softer in the MeV energy region
than that calculated from skyshine source spectrum-the leakage spectrum from
the upper concrete ceiling shown in Fig. 5-and approaches a IIE spectrum
below 1 MeV. The calculated spectrum is about twice the measured spectrum in
the MeV region and, conversely, about half in the eV region, but as a whole, the
agreement between calculated and measured spectral shapes is good.
5.3. Altitudinal Neutron Dose Distribution above Ground
As already shown in Fig. 6, the neutron-dose-equivalent rate clearly increases
with height above the ground. The altitudinal distribution of neutron-dose-
equivalent rates is shown more clearly in Fig. 8, where the ratio of the
neutron-dose-equivalent rate at the height z from the ground to that on the
ground, H(z)IH(O), is plotted as a function of the angle of elevation (J, measured
from the outer surface of the ES ceiling. In Fig. 8, the results measured by the
high-sensitivity dose-equivalent counter are shown as solid squares and those
calculated by the MMCR-3 code as open circles. It can be seen that the ratio
R = H(z)IH(O) can be fitted to a relationship which is linear in (J, as follows:
R = kO + 1. (6)
Two k values, 0.103 and 0.083 deg~l, where 0 is in degrees, are obtained from
the fit to Eq. (6) of the measured and calculated results, respectively. Considering
that the measured data have significantly large fluctuations owing to the scattering
from nearby buildings and that the calculated data have large statistical errors,
this difference seems acceptable.
To investigate the variation of k with the energy Es and emission angle Os of
the source neutron, the skyshine calcula~ion for a monoenergetic 14-MeV neutron
source was performed with the MMCR-3 code. Two types of calculational
geometries were selected here. One was exactly same as that in Fig. 2D; the other
was the cylindrical air-over-ground geometry without concrete shield, around a
point source 1.2 m above the ground, which emits neutrons only vertically
upward. The calculated results under these two calculational conditions are
shown in Fig. 9, with the same ordinate and abscissa as those in Fig. 8. By fitting
these results to Eq. (6), two k values of 0.090 and 0.040 deg- 1 are obtained for
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FIGURE 8 The altitudinal variation of the measured and calculated dose-equivalent rates. The solid
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FIGURE 9 The altitudinal variation of the calculated dose-equivalent rate. The solid circles
correspond to a 14-MeV cone source shielded with a thick concrete building, and the open squares
correspond to a 14-MeV monodirectional source emitting upward without shielding.
NEUTRON DOSE DISTRIBUTION AT INS 171
the first and second models, respectively. The former k value is considered to be
in good agreement with the k value in Fig. 8.
It has already been shown in many experiments and calculations that leakage
neutrons at the shield surface have a IIE-type spectrum and a nearly isotropic
angular distribution. This is true at least for the moderated neutrons that
dominate the dose after penetrating a thick concrete or soil shield, regardless of
the source neutrons. From these observations, the altitudinal neutron dose
distribution given by one skyshine experiment may be applicable to the
estimation of an environmental dose distribution around an accelerator facility in
general. The altitudinal neutron dose distribution can be given by
H(z)IH(O) = k(J + 1, (7)
where k = 0.094 deg- 1 for the case in which the neutrons leaking from the upper
concrete shield of the accelerator building can directly propagate in air to low
altitudes. On the other hand, k will be smaller when those skyshine neutrons that
are initially upward-directed cannot reach lower altitudes with only a few
collisions.
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